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Abstract
The Structural Health Monitoring (SHM) technique Acousto Ultrasonics is based on a permanently installed piezoelectric 
transducer network. A reliable and effective transducer installation procedure shall be developed so that SHM represents a 
feasible alternative to the currently used Non-Destructive Testing (NDT) in Aircraft. A co-bonding procedure has been 
considered for transducer installation as a time and cost efficient method, while arising additional requirements regarding the 
transducer properties and the manufacturing processes. 
This paper focuses on the mechanical durability of DuraAct™ piezoelectric patch transducers, which have been co-bonded on 
Carbon-Fiber Reinforced Polymer (CFRP) plates. The samples were tested in quasi-static and cyclic loading conditions at 
different loading levels. The degradation of the DuraAct™ piezoelectric transducers is assessed by means of three monitoring 
methods: The electro-mechanical impedance spectrum, the charge issued from the direct piezoelectric effect when the 
piezoelectric transducers undergo mechanical deformation and the guided ultrasonic waves sent and received by the transducers.
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1. Introduction
Carbon-Fiber Reinforced Polymer (CFRP) is gaining ground as preferred material for construction of aircraft 
structures for its light weight, fatigue and corrosion resistance, among others. Despite its multiple advantages, 
composite laminates are prone to suffer delaminations as well as barely visible impact damages. The impact damage 
proneness is currently addressed with a damage tolerant design and an increase of the Non-Destructive Inspections 
(NDI). In this area of conflict, Structural Health Monitoring (SHM) could be used as a complement of NDI,
enabling a decrease in maintenance efforts.
SHM refers to an automated monitoring system with permanently attached transducers on the monitored 
structure. The automated monitoring provides several advantages compared to the classical non-destructive tests, 
such as a reduction of periodical non-destructive inspections while the aircraft is on-ground, aircraft availability 
increase, maintenance costs reduction, or the monitoring of currently inaccessible parts of the structure [1n].
Acousto Ultrasonics (AU), a SHM technique, consists of a network of piezoelectric wafer active sensors (PWAS) 
used to generate and sense guided ultrasonic waves [2n]. The guided waves interact with the structure and deliver
information about its health. An important requirement for the PWAS is their correct functioning during the life of 
the monitored structure. This is especially important when long term monitoring (e.g. several years) is performed. 
1.1. The transducer installation process
More than 200 sensors are needed to monitor a ca. 7m2 aircraft fuselage structure with an AU system [3]. Hence,
an optimization of the sensor installation process will contribute to important savings in terms of cost and time. The 
current state of the art regarding sensor installation of an AU system is secondary bonding, a process involving
warm-curing epoxy adhesive, vacuum bagging and heat application [3]. Secondary bonding is a robust and well-
established process for sensor installation. However, it represents an additional step during the aircraft final 
assembly line, leading to high installation costs. 
The co-bonding process consists in positioning the sensors on the uncured CFRP panel, adhering the sensors 
during the curing of CFRP. Whereas co-bonding significantly shortens the installation of a SHM system [4n], the 
process is more demanding for the PWAS in terms of mechanical and thermal loading. During the co-bonding the 
sensors undergo the high pressures and temperatures typical from an autoclave curing procedure, leading to pre-
stresses, while during the aircraft in-service a high transmission of the deformations from the monitored structure to 
the PWAS is expected since no bonding layer is added between structure and sensor. A total of 155 DuraAct™ have 
been co-bonded in this project in order to assess the reproducibility and reliability of the process as well as the 
durability of the co-bonded sensors.
1.2. Transducer durability
The durability of piezoelectric stack actuators is evaluated and improved in [5n] where mechanical preload is 
applied during electric fatigue tests. Regarding PWAS, [6n] have investigated the durability of free PWAS and 
PWAS secondary bonded on a metallic structure with a focus on environmental influences, but also including pre-
stress. 
The PWAS used in this project are DuraAct™ piezocomposites. The durability of DuraAct™ is studied by [7n]
with 4-point bending tests under quasi-static as well as cycling loading. Since in [7n] the sensors are secondary 
bonded to a CFRP substrate, the results are not directly applicable to the co-bonding case. The durability of 
DuraAct™ transducers, co-bonded on a CFRP laminate, is here assessed through cycling loading.
A suitable method to check the proper functioning of the piezoelectric transducer network in an operating SHM 
system is essential to ensure reliable results on the SHM damage analysis. [8n] appraise the Electro-Mechanical 
Impedance (EMI) as a degradation indicator of secondary bonded piezoelectric discs. This paper evaluates if EMI is 
also a suitable method for co-bonded DuraAct™ transducers used for SHM purposes.
Section 2 describes the PWAS under evaluation as well as the mechanical tests performed. Section 3 contains the 
results regarding the co-bonding procedure, the PWAS durability under mechanical loading, and the assessment of 
the EMI as a sensor degradation indicator. The paper finalizes with a summary of the results.
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2. Experimental setup
DuraAct™ piezoelectric transducers are used in this project because of their robustness and reliability. A brief 
description of these piezocomposites is given, followed by the sensor durability test campaign and the monitoring 
methods to assess the PWAS health.
2.1. The piezoelectric transducers: DuraAct™ Piezocomposites
The PWAS used to test the co-bonding procedure are DuraAct™, from PI Ceramic. DuraAct™ are composed of 
a lead zirconate titanate (PZT) disc embedded in a ductile polymer along with the required electrodes, electrical 
contacts and insulators [9n]. The embedding of the piezoelectric transducer provides electrical insulation and 
mechanical pre-compression, rending the brittle piezoceramic especially robust against deformations. This 
mechanical pre-compression is achieved through the difference in thermal expansion coefficients between the 
transducer and the polymer. The dimensions of the PZT disc are 0.2 mm thickness and 5mm diameter. The 
piezocomposite measures 12x12x0.46 mm.
Fig. 1. DuraAct™ Piezocomposite [10].
2.2. Mechanical testing
Quasi-static tests characterize the transducer’s critical strain and determine the strain levels used during the 
dynamic tests. They consist of a succession of quasi-static loading-unloading ramps starting at 0.05% strain and 
increasing with a step of 0.1% until sensor failure. The quasi-static tests are performed with the piezoelectric wafer 
under different loadings. The test program includes tension, 4 point-bending with the sensor in tensile configuration
(see Figure 2) and 4 point-bending with the transducer in compressive configuration.
Fig. 2. 4 point-bending, piezoelectric wafer in tensile configuration.
On-line monitoring of the piezoelectric transducers during the mechanical loading is achieved through the 
measured electric charge and strain data. A charge amplifier (Kistler 5011B) records the electric signal produced by 
the PZT transducers under mechanical strain due to the piezoelectric d31-effect. The charge-strain curves 
characterize the sensor performance since the measured electric charge is the direct effect of the strain, measured 
with a strain gage. At the beginning and the end of the quasi-static test Electro-Mechanical Impedance (EMI)
641 M. Moix-Bonet et al. /  Procedia Technology  15 ( 2014 )  638 – 647 
measurements are performed with a C60 Impedance Analyzer (Cypher Instruments) at a frequency range from 10 
kHz to 1000 kHz.
Cyclic mechanical loading analyzes afterwards the long-term behavior of the sensor by establishing its life 
diagram. Four different strain levels are selected from the results of the quasi-static tests, ranging between 35% and 
70% of the strain where the quasi-static transducer failure occurs. The frequency of the mechanical cycling is set to 
5 Hz to avoid a frequency rate dependency in the results. The monitoring of the sensor is performed offline. For this 
purpose the fatigue tests are paused at preselected intervals and the health status of the sensors is evaluated by 
means of two methods: a brief cycling mechanical loading, during which the output voltage of the sensor and the 
strain at gage are recorded, and a measurement of the EMI spectra.
The function of the piezoceramic transducers is to send and receive guided waves. In order to validate the 
methods used to monitor the transducer health an additional analysis has been performed. A specimen with 6 
transducers has been tested in tensile fatigue. During the fatigue test and concurrently to the EMI and charge 
measurements, a guided wave analysis has been carried out to investigate the guided wave actuation and reception 
capability of the piezoelectric wafers. The device used for wave generation and signal acquisition is the MUSE 
Z400, from Ingenieurbüro Dr. Hillger, and the experimental setup is described in Figure 3.
Fig. 3. Experimental setup for guided wave inspection.
3. Results
A necessary requirement for an AU-based SHM system is that the PWAS installed on the structure function 
properly during the service lifetime of the Aircraft. The sensor durability test arises from the need to ensure this 
requirement. Co-bonded DuraAct™ transducers are evaluated: from the transducer survivability during the co-
bonding on the CFRP structure up to the failure mode, including the resistance to mechanical loading and the 
validation of the EMI as a PWAS health check method.
3.1. Transducer co-bonding
The co-bonding process includes the positioning of the DuraAct™ on the CFRP uncured host structure and a 
Teflon protection layer. The Teflon layer keeps the contact points clean from epoxy during the curing and avoids 
tearing the transducer after the autoclave process.
   
Fig. 4. Co-bonding process: positioning (left), Teflon protecting layer (center) and CFRP plate ready for autoclave (right).
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The reproducibility and reliability of the co-bonding process is tested on a large scale with a capacitance and EMI 
analysis of the 155 co-bonded transducers. A low deviation of the capacitance values and a 100% of survival rate
show a good reproducibility of the procedure (Figure 5).
Fig. 5. Capacitance values before (left) and after (right) the co-bonding procedure.
Additionally, non-disturbance tests are carried out within the project [11n], although they are out of the scope of
this paper. The non-disturbance test campaign ensures that the presence of co-bonded sensors on the structure does 
not hinder the performance of the host structure and includes a micrographic analysis of the CFRP plate cross-
section as well as quasi-static and dynamic mechanical testing. 
3.2. Quasi-static testing and strain limits
4-point bending quasi-static tests with the transducer under tension are performed to six specimens with a co-
bonded DuraAct™. Figure 6 (left) displays the analysis of one of the transducers to determine its failure: the output 
voltage obtained by means of the charge amplifier is plotted as a function of the strain measured at the gage. The 
lost in the output voltage when the strain level of 0.54% is reached (Ramp 6) is the indicator of piezoceramic 
breakage. The diminution of the slope in the next loading-unloading ramp confirms the sensor failure. The resistance 
spectrum of the sensor at the end of the test is compared to its spectrum before the test in Figure 6(right). The two 
spectra show several variations. The main peak around 0.5MHz is significantly reduced and slightly moved towards 
lower frequencies. The peak around 0.9MHz becomes larger and also moves to the left on the spectrum. The other 
components of the EMI also show variations at the end of the tests. The resistance spectrum indicates an average 
diminution of about 30% of the main peak at the end of the tests. The critical strain of each of the 6 specimens is 
calculated with this method. The obtained mean value (0.58% strain) is afterwards used to determine the four strain 
levels of the fatigue tests.
 
Fig. 6. Electric signal vs. Strain during quasi-static 4PB tensile test (left) and EMI before and after test (right).
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Similarly, six quasi-static tests in 4-point bending configuration with the transducer under compression are 
carried out. Neither the voltage output during the online monitoring nor the EMI measurements afterwards indicate
sensor degradation or breakage and the tests are stopped at a strain level higher than 1%.  EMI measurements 
performed before and after the tests are reported in Figure 7. They do not show any variation in any component of 
the EMI. Therefore, it is concluded that the transducer does not suffer breakage or degradation during the test.
 
  
Fig. 7. 4-point bending, sensor in compression configuration. EMI measurement before and after 4pb tension: no sensor failure.
Finally, six specimens are tested under pure tensile quasi-static conditions. The EMI measurement of the sensors 
after the quasi-static tests show the same characteristics as the results of the 4-point bending tests in tensile 
configuration. A strain of 0.7% is found as average value of critical strain.
The quasi-static results are summarized in Table 1. The critical strain values determined from the 6 specimens 
tested in tensile loading and the 6 specimens tested in 4-point bending loading in tensile configuration show a low 
deviation. The low deviation is indicative of the mechanical test and sensor failure reproducibility: the average of 
the critical strain values can be used to determine the strain levels of the fatigue tests.
Table 1: Results of quasi-static tests
4PB Tension 4PB Compression Tension
Average Critical Strain 0,58% > 1% 0,70%
Standard Deviation 0,0228 -- 0,0426
3.3. Dynamic testing and fatigue life diagram
During dynamic loading a total of 4 strain levels between 35% and 70% of the quasi-static critical strain are 
chosen. Six specimens are tested at each strain level. The fatigue testing is carried out with 4-point bending tensile 
configuration and pure tension configuration. The 4-point bending compression configuration is not used for 
dynamic testing: due to the high resistance of the transducers the fatigue results are not considered relevant to 
achieve the project’s objectives.
Figure 8 displays the fatigue results for one specimen tested at a strain level of 47% of the strain at sensor failure.
The following information can be found in the charts of Figure 8:
x The slope of the output voltage V strain curve decreases during the fatigue test between the 103 cycles and 
the 104 cycles (see Figure 8(a)).
x The resistance spectrum obtained by the EMI measurement is given in Figure 8(b). It can be seen from the 
spectrum that the peak of the resistance spectrum changes between 103 and 104 cycles. It becomes smaller 
and a slight shift in the lower frequencies is observed.
x In Figure 8(c) the evolution of the two variables of interest during the fatigue test are represented. Both the 
amplitude of the output voltage during the brief cycling loading and the area of the main peak in resistance 
spectrum of the EMI inspection are used to determine whether if the specimen is considered as failed or not. 
The two tests performed at 104 cycles indicates that the amplitude of the transducer output voltage dropped 
by 36% compared to its initial value and the area of the resistance peak by 20%: the specimen is considered 
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as failed at 104 cycles. However the test does not lead to a total breakage of the sensor since an output 
voltage is still produced by the transducer.
Fig. 8. Results of a the fatigue 4-point bending (tensile) test for a DuraAct specimen tested at a strain level of 47% İc.
The procedure described above is conducted for each specimen. The fatigue life diagram in Figure 9 is afterwards
built from the failure cycles and the strain levels at which the specimens fail. The 50% of the samples tested in the 
4-point bending tension configuration reached the threshold value for run out experiments without being damaged, 
as it can be observed in Figure 9.
Fig. 9. Fatigue life diagram 4-point bending test in tension.
3.4. Failure mode of the piezoceramic wafers
After the quasi-static and fatigue tests, the specimens are observed by means of micrographs in order to 
determine the transducer failure mode. In the totality of failed samples the piezoceramic disk contains visible cracks, 
while in the 100% of the undamaged specimens no cracks or any other defects are observable on the piezoelectric 
disk. Therefore, the study concludes that the failure cause is the appearance of cracks on the piezoceramic. 
Since microscopic analysis of the specimens detects no debondings between piezocomposite and host structure, it
is considered that the co-bonding procedure achieves a good bonding quality.
(a) output signal vs. strain curve (b) resistance spectrum (c) output signal amplitude & resistance peak area
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Fig. 10. Micrograph of DuraAct™ after 4-point bending fatigue test.
3.5. Measurement validation by means of guided waves
The EMI spectrum evaluates the state of the piezoelectric wafer and, ultimately, the capacity of the transducers to 
excite and receive waves. A specimen with six transducers is tested in tensile cyclic fatigue and the guided wave 
propagation is measured along with the EMI and charge measurements throughout the transducer degradation. The 
aim is to corroborate if the EMI spectrum is a good indicator of the transducer capability for actuating and sensing.
The results of the analysis are plotted in Figure 11. The resistance (left) and the acquired guided wave signal 
(right) are plotted for two sensors: the first sensor remains healthy during the whole fatigue test (up) while the 
second one shows indications of degradation in both the EMI analysis and the guided wave response (down). In the 
resistance curve obtained by EMI a decrease of the resonance peak is observable while the amplitude of the guided 
wave signal decreases.
  
  
Fig. 11. Admittance (left) and acquired signal (right) of a healthy transducer pair (up) and a damaged transducer pair (down).
Degradation Degradation
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In Figure 12 the peak-to-peak amplitude of the guided wave response as well as the resonance peak area of the 
resistance are plotted as a function of the number of fatigue cycles. A similar trend between both parameters is 
observable. The study therefore concludes that EMI is a suitable method to measure the transducer degradation.
Fig. 12. Peak-to-peak guided waves amplitude and resistance peak area vs cycle number.
In Figure 11(right) the amplitude of the received guided waves decreases, but the signal is still very similar and 
the excited frequencies do not change. The EMI analysis indicates a degradation of the transducer, even if the 
transducers are still able to actuate and sense guided waves, although with a lower performance. 
4. Summary
The robustness and durability of co-bonded piezoceramic wafers is evaluated by means of quasi-static and cyclic 
mechanical loading with the sensor under three different loading modes. Firstly, the large amount of specimens 
permitted an analysis of the reliability and reproducibility of the co-bonding technique on a large scale. The co-
bonded transducers had a 100% survivability rate and a low deviation of the capacitance and EMI values. Second, 
the quasi-static tests prove the robustness of the piezocomposites against mechanical deformations with critical 
strain values always higher than 0.54%. Finally, the fatigue life diagram demonstrates the durability of the
piezoelectric wafers with a 50% of the transducers reaching the threshold for run out specimens without signs of 
degradation. The study concludes that the DuraAct™ piezocomposites are suitable as co-bonded transducers for an 
SHM system.
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